The intramolecular Paternò-Büchi reaction of 5-aryl-4,4-dimethyl-hex-5-enals has been used to assemble the hindered cyclopentane skeleton of the cuparene and herbertane sesquiterpenes. Regioselective carbon-oxygen bond cleavage in the resulting oxetane is applied to the synthesis of 1,13-herbertane diol.
The cuparenes and herbertanes ( Figure 1 ) are of a large family of sesquiterpenes with a diverse array of biological activity. From a synthetic viewpoint, the challenge of assembling adjacent quaternary carbon atoms on a cyclopentane ring has given rise to a range of novel strategies, which continue to be developed. 1 Recent work from the Asakawa group has identified a number of herbertanes carrying oxygen functionality not only in the aromatic portion of the molecule, but more unusually on the methyl groups attached to the cyclopentane ring.
2 In this letter we report a new strategy for the synthesis of C-13 oxidised herbertane and cuparene sesquiterpenes based on a novel intramolecular [2+2] Paternò-Büchi photocyclisation reaction 3 of 5-aryl-4,4-dimethylhex-5-enals to assemble the hindered cyclopentane skeleton, followed by selective reductive carbon-oxygen bond cleavage in the resulting oxetane to liberate the C-13 hydroxyl group. As a result of our recent studies on the asymmetric synthesis of cuparene via an a-(aminobutyl)styrene photocyclisation reaction, 5 we had to hand material which allowed us to assess the viability of such a strategy. Hence reduction of nitrile 3, readily prepared in two steps from 4-methylisobutyrophenone 1 as previously described, 5 gave the aldehyde 4 in high yield (Scheme 1). Irradiation of 4 with a 400 W medium pressure mercury arc lamp (Pyrex filter) initiated an intramolecular Paternò-Büchi photocyclisation reaction to provide the bicyclo[3.2.0] oxetane 5 in reasonable yield. The geometry of the cis ring junction, although ultimately inconsequential from a target standpoint, was established through NOESY correlation.
In order to reveal the cuparene skeleton embedded in 5, we turned to the methodology developed by Cohen for the chemoselective cleavage of carbon-oxygen bonds in oxetanes, employing lithium di-tert-butylbiphenylide (LDBB) as reductant. In particular, the regioselectivity of carbon-oxygen bond cleavage in unsymmetrical oxetanes can be controlled by the presence or absence of a suitable Lewis acid. 6 Indeed, when we subjected oxetane 5 to LDBB in the presence of Et 3 Al in THF at -78°C and allowed the reaction to warm to room temperature, we observed clean formation of the novel 13-hydroxycuparene 6 in 53% yield (unoptimised), along with recovered starting material. 7 The regioselectivity of reduction of 6 is consistent with the Cohen model, whereby cleavage of the bond between oxygen and the more-substituted carbon is observed in the presence of a Lewis acid. This can be rationalised by coordination of the Lewis acid to the oxetane oxygen, followed by a one electron reduction which results in the cleavage of the C-O bond to initially form the more stable carbon-centred radical (secondary vs. primary in this case).
Encouraged by this result, we undertook the synthesis of 1,13-herbertenediol as described in Scheme 2. FriedelCrafts acylation of 4-methylanisole 7 with isobutyryl chloride gave the known ketone 8 in good yield.
8 Alkylation of the enolate of 8 with allyl bromide followed by selective hydroboration of the resulting alkene 9 without reduction of the ketone 9 gave the alcohol 10. Attempted Wittig reaction on 10 failed to produce the desired alkene, so the alcohol was protected first as a tert-butyldimethylsilyl ether 11, which underwent clean olefination to provide the alkene 12. Silyl deprotection of 12 and Swern oxidation of the resulting alcohol 13 gave the required photocyclisation precursor 14 in high yield. Scheme 2 Reagents and conditions: i) AlCl 3 , ClCOCH(CH 3 ) 2 , ClCH 2 CH 2 Cl, CH 2 Cl 2 , 35°C, 84%; ii) NaNH 2 , allyl bromide, toluene, 50°C, 74%; iii) Cy 2 BH, THF, 0°C, 83%; iv) TBDMSCl, imidazole, DMF, r.t., 90%; v) Ph 3 PCH 3 Br, t-BuOK, toluene, reflux, 84%; vi) p-TsOH, THF-H 2 O (2:1), r.t., 93%; vii) (COCl) 2 , DMSO, CH 2 Cl 2 , -55°C to -40°C then i-Pr 2 NEt, 98%; viii) 125 W medium pressure mercury arc lamp, immersion well reactor, Pyrex filter, hexane, r.t., 0.02 M, 32 h, 55%; ix) LDBB, Et 2 AlCl, -78°C, 57% 16 +22% 17; x) HPPh 2 , n-BuLi, THF, reflux, 77% (+10% recovered starting material).
Photocyclisation of 14 proceeded slowly to give the requisite cis-fused oxetane 15 in 55% yield. This reaction was accompanied by some secondary photochemical reactions, as indicated by the build up of polymeric material on the sides of the reaction vessel, so was typically stopped before complete consumption of starting material.
Attempted ring-opening of oxetane 15 under Cohen's standard conditions (1.6 equiv LDBB, 2 equiv Et 3 Al, THF, -78°C to r.t.) gave the desired primary alcohol 16 regioselectivity, but in low conversion (38% 16, 6% 17, 35% recovered starting material). Increasing the equivalents of LDBB, triethylaluminium or increasing the reaction time and temperature failed to provide higher yields of 16, but rather favoured formation of the undesired isomer 17 along with decomposition. Finally, resorting to the more Lewis acidic diethylaluminium chloride gave rise to a rapid reaction at -78°C and complete consumption of oxetane 15, to provide an approximately 5:2 mixture of the primary and secondary alcohols 16 and 17, respectively.
11 Use of dimethylaluminium chloride in the reductive ring cleavage of simple oxetanes has previously been reported by Cohen, 6 but its application was not pursued because of the lack of reactivity towards aldehydes of the 5-membered ring ate complex formed upon rapid cyclisation of the initial lithium (3-lithiopropoxy)dialkylchloroaluminate. However, since protonation of the carbonaluminium bond is all that is required in the present instance, it serves its purpose admirably.
Attempted demethylation of 16 using BBr 3 resulted in extensive decomposition, as previously observed by Srikrishna et. al. in their synthesis of 1,13-herbertenediol.
12b However, we have found that demethylation of 16 can be achieved in good yield using an excess of lithium diphenylphosphide, 13,14 providing the natural product whose data was identical in all respects to that reported in the literature.
2 The overall synthesis of 1,13-herbertenediol in 10 steps and 8.6% overall yield from commercially available material compares favourably with other syntheses reported to date. via an analogous sequence of reactions to that described in Scheme 1 was thwarted by the formation of 19 as the major product upon attempted Wittig olefination of 18. Alkene 19 is presumably formed by an initial retro-Michael addition under the reactions conditions to reform ketone 8, which subsequently undergoes Wittig olefination. The sluggish reactivity of hindered aryl ketones to the phosphorus ylide necessitates the high temperature employed, although the difference in reactivity of 2 and 18 under identical reaction conditions is notable. To date, we have been unable to achive methylation of 18 using other methods (Scheme 3).
Scheme 3
(11) An oven dried Schlenk tube was equipped with a glass stirrer bar and charged with DBB (1.59 g, 5.97 mmol) and THF (10 mL). Lithium wire (83 mg, 11.90 mmol) was added in one portion and the mixture was sonicated for 5 min until a rich turquoise solution was achieved. The resulting solution was stirred for 5 h at r.t., cooled to -78°C, and a solution of oxetane 15 (295 mg, 1.19 mmol) in THF (3 mL) added. The reaction mixture was then treated dropwise with a solution of diethylaluminium chloride in hexane (1 M, 5.97 mL, 5.97 mmol). Once addition was complete the reaction mixture was stirred at -78°C for 1.5 h then quenched with 5% HCl (5 mL), and the resulting biphasic solution was allowed to warm to r.t. The aqueous layer was extracted with Et 2 O (3 × 15 mL) and the combined organic phases were dried over MgSO 4 , and concentrated in vacuo to furnish pale yellow oil. was cooled to 0°C and a solution of n-BuLi in hexane (2.2 M, 0.47 mL, 1.04 mmol) was added dropwise. The orange solution was stirred at 0°C for 5 min and then at r.t. for a further 30 min. A solution of alcohol 16 (40 mg, 0.16 mmol) in THF (2 mL) was added at r.t. and the resulting solution was refluxed for 45 min, cooled to 0°C and quenched with 5% HCl (5 mL). The aqueous layer was extracted with EtOAc (3 × 15 mL) and the combined organic phases were dried over MgSO 4 and concentrated in vacuo to furnish a pale yellow oil. The crude product was purified by column chromatography (hexane-EtOAc 9:1) to afford 1,13-herbertenediol as a colourless oil (29 mg, 77%). Analytic data agree with those reported in the literature. 
